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1. DISTRIBUTION C:F RADIATIVE AND KINELIC ENERGY AMONCG CARRIERS

Radiation absorbing molecules in gaseous infiammable mixtures irradiated
from a suitable source may on account of ebsorption of radiative energy get'
exclted to the energy level required for combustion. When excited molecules
collide with other molecules new molecules form after complicated structural
chenges which are accompanied by the release of light and ixeat.

The reinforced thermal motion of molecules with local liberation of heat
from the combustion reaction multipldes the number of molqcules in the mix-
tures that are able to activate other molecules.of the burning m:lxt:ure.

Thus we may assume that combustion is initially excited by radiative energy.

To evaluate the role of radiative energy i{n the excitation cf molecules,
let us first examine i‘or thermodynamic equilibrium the‘ compmative dis=-

tribution of radistive and kinctic energies among their vnr‘tnrﬁ- or cariers,

According to Plank's law, the volumetric density of radiative energy at

radiation frequency nu Vv (spectral radiation) at thermal equilibrium is

o 8nh v3 1 ] ) o
- U, = 03 eh‘)/kic!’j; -1 e

- where h = 6,624 x 10'27 erg.sec is Flank's constant, ¢ = 299 776 x 10 m/38c

is the velocity of 1ight, k »1.38 x10 -16 erg/grad is Boltzmann's const,ant

“and T 18 the temperature in °K.
The volurﬁetric density of thermal radiation for all trequencies (integral

. radiation) is ) L
‘ Bnk .
| o, §u, N R . @
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The number of photons with a radiation frequency between V and YV + day
per unit volume is iound from

2
LUy av n Y 1 ay . (3)

I\l dv . s P ——— O
’ wy)y ¢ SMFTa
The total number of photens at thermal equilibrium for'ell ‘radiation

frequencios. (over the whole spectrum) per unit_.volume is found by integration:

.2 303
o= ..._8“ y . @y =240 Sme I
o i c3 th/kT -1 c3h3 )

a

(22

Tt is of interest to compare at a given moment and for various temperas-
tures the nwaber of photons per unit volume at thermodynamic equilibrium with
Lhe samber o) gas wolecules in the same volume at p = 1 atm. The result is
eesented in Table 1 (sce Table 1, app).

puerelore the number of carriers of radiative energy present at each
instant per unit volume at thermodynanic equilibriwa turns out to be several
million Limes less than the number of molecules pur unit volume. Dut it
{ should be kept in mind that the velocity of light particles is nearly a

million btimes higher than the velocity of molecular motion.

The averape energy of a photon is

B N = AT *
‘ Tn comparison with the av.erage kinctic energy ot movzing molecules
EM =-§- k‘l‘.thé average quantum energy of thermal radiative equilibrium
is {wice hipher,
the nwnber of quanta with energy E » (in keal/mol) amonyg their total
A unnber will be o ;
- A% IRRT /\# — c e
AT TR Ty O @

where ® o= 1,985 kcal/kg.mol.deg is the gas constant,
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As seen from this equality a unit volume has few quanta with very high
or vary low energy. The curve describing distribution of energy of quanta
at thermal radiative equilibrium follows the usual distribution curves
encountered in statistics.

In contrast to the distribution curve of energy quanta, the distribution

i

curve of molecvles with energy E, per unit volume of the gas is given by the

following equation

ang, /. /2:’ /r
: 7
WA Z. —T/,?-;:—AE ()

The position of the maximum of the distribution curve of quanta of

radiative energy is found from eqWation (6) |

- \
/A'., ) /l /

and the position of the maximum in the distribution curve of molecular

/
A’Tmu

By comparing the positions of the maxima of both distribution curves

energy is

one finds that the distribution curve of energy quanta is shifted towards
energies of higher levels. Thus under conditions of thermal equilibrium

of gas the relative number of quanta with energies higher then E, per unit
volume of gas is much higher than the relative number of molecules possessing
the same energy level.

Figure 1 represents the distribution curves of kinetic energy of gas
.molecules end quanta of radiative energy per unit volume at various tempera-
tures, from which 1t may be seen tiist the position of the maximum of the
distribution curve shifts towards the side of higher energies with rising

~ temperatures.
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o o
ho w.h ’

e " ¢ ygeweg@ibiblite the relative number of quanta having an energy E, rad-
06[»2,1 e WOV&#W&BW 4/1)“ A 7Y Lo

iat‘!.ve equili%,w -wn AN /(N )M’ then according to equations (6)

: ‘.".and";“-

patLo

At h g : D 3 ,
-'5 e Ei/RTt
'1-:', - 0. 3’6’ Ea.' R; %
e,
- v/ RTa -—
; £ (e %/ Ry — 7) (5% "!
vhere Tray and Tmol are respect.ively "rad:.ative“ anf "molecular? equilibrium

temperatures_.' In the case of themodynamic equilibrium both temperatures
7 and T coincide.
ray mol .

In the case of thermodynamic equilibrium we may also compare the relative
numbers of quanta of radiative energy and molecules with energies. respectively
above E), and Ei'

Lccording to equations (3) and (L) the relative nunber of quanta having

energy above E, will be

" /é”
Fzﬁt = 0, ‘f‘/éf

oy,

E/RT

¢ ‘ 7 £,
Integratipg over the region of not too small vilues of E, , we f£ind

Nyg = 04/4[( +/) Ny A

As is known the relétiv'e number of mclecules having an energy above
Ei is .
~£
/N/ -
In the case of. thermod_mamic equilibrium the ratio of these amounts ia

Il
_31__5_ =o4/6/f +// +_/

28 .

¢

Table 2 répresents the ratiosn  /n_, and n /n for various
g, Bt >E, | PH

equilibria of temperatures (Tr,ay = Tmol) and for energy Ev - Ei = 30 200 keal/

kgz.mol {for an example see below) (See Table 2).
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~ As seen from Table 2 the relative number of quanta having energies above
E, = 30.200 kecal/kgomol turns oﬁ‘, to bs much highei than the relative num-
ber of molecules having the same energy. _ .
If radiative and molecular equilibria exist separately within a unit
volume and if the “radiative" temberature is higher than the "molecular®,
then the ratio nEV /nEi will be still higher. For example, if 'trw = 500°

36

and ty,y = 0%, then the ratio is n , /IIEi = 6,77 e”°. Under such cir-

E
cumstances the relative number of quaita having an energy E, = 30 20C kcal/
kg.mol will be many times greater than the relative number of molecules hav-
ing the same energy. Undnr the conditions considered also the absolute nun-~
ber of quanta with energy E, = 30,200 keal/kg.mol present at a piven

instant per unit volume will be many times greater than the absolute number

of molecules having the same energy. Computaticn gives the following results.

anNy _ e 560 = 1050 20"
2N (M T

The ratio of the absolute number of photons with energy E, at any in-

stant in u-nit volume at T to the number of molecules at the same energy

ray?
level E, ~ E, present in the same volume at Tmol < Tray and p = latm is

E)J

Lk £ ',

ANy _ o757 o T B [ETSE ey

a N o Tat &, (eE"/ﬁ"'w - /)6;"{)%

For large viliaes of EV L Ei this ratio is the higher the more Tray exceeds

Tmol .

the heated surface of the gas where Tmol<Traw the number of photons at

In this connection it is particularly important to notvice that near

the high energy level Ev may exceed many times the number of molecules at
.the same high energy level, (Footnote: The ratio of the number of photons
per unit volume with energy E y = 30,200 keal/kg.mol @—t;n—al—&---o,v--for

various-values of t’r‘ay) to the number of molecules having the same kinetic

energy E, at t s 0 for various velues of t is obtained as follows)
1 mo, ray

1
L =o| 100 200 300 1100 500°0
ray ) " o
My, /m 2.3);-10'9i7.12o10'3 3.71-20 | 1,28-20" | 5.620° |10.3-10" |
iy M ‘
‘6 |
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Consequently, as shown by the ahove considerations, photons at high
energy levels have relatively higher statistical weight than molecules at the

same energy levels.
2, ACTIVATION OF MOLECULES IN IRRADIATED BURNING MIXTURES

Al.though the Tolumetric density of kinetic energy of molecules is much
highar than the volumetric density of radiative equilibrium energy, the
probability of energy conversion upon absorption of quanta of radiative
energy by molecules not only may be comparable with the probability of energy
conversion upon impact of molecules, but may even exceed it considerably.

For explanation the following considerations are submitted.

With rising temperature the number of molecules per unit volume of gas
doereases and therefore the volumetric density of the inflowing kinetic
energy of molecules independently of  temperature at atmospheric pressure is
U . % 36.5 kcal/ms.

mol
The volumetric density of thermo-radiative equilibrium is found from

e (L)’
Uy = ___72/_/9_)__ & caf o

hecanse of the very high velocity of light, Uray at ordinary temperd-
tures is many times smaller than Umol' .

Put the intensity of energy conversion within the molecular medium 1s
determinud not by the volumetric density of energy, but by the energy flow
or its transfer. The molecular energy transfer in gases is determined by
the usual equatiofx of heat conduction

1 é:e ::—-)71«4( 76"'“£//mz‘ 141-)
i wk;ere lambda A is the coeffisient of molecular thermal conductivity in

xcal/mhrideg.
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The flow of radiative energy transfer in the absorbing‘ molecular medim
ot (r'nwe, F“g- Tvﬂ.*»))

may, es shown in 1948 by the author in his investigation AENI}?Abe presented

in a similar form: . )
2 L Legrad 2 b, (oot A)
Z»y J ” / . /.n/_ ¥

where k is the coefficient of radiation absorpbion in unite of m-l'

p 4
For conditions close to Jocal radiative equilibrium [cu =k xhed (—110_0)—7’
ray
the flow of radiative energy trarsfer may be written in the same form &2

the molecular transfer
-
o . 4’\'.’/ 7- ka/' 2 '/
7 Aoy ? C:_ s )

where lambda )ray "_);- %._h_%‘f_(}%.ﬁ.z kcal/m hr-deg is the coefficient
of radiative thermal« conductivity of the medium.

The absorption coefficient k of a gas ig relatively small in comparison
with that of a liquici of solid and ) ray turns out to be much greater than
')l nol® Henoe ’tfhe energy transfer by phqtons will accordingly be mope inten-‘-
sive then the molecular energy transfer.

Figure 2 presents the absorption coefficient k of water vapor and carbon
dioxide versus temperature, at p* 1 atm (average) for all active bands of
the spectrum. Bigure 3 shows the 1imit values of the opaclty (blackness)
coefficients L E'L = o0 of the same gases for varioue temperatures.

Figure 4 gives the mean values of coefficients .AI‘&N of radiative
thermal conductivity for H20 end Co2 atp™ 1 atm, a8 computed from the

following formutal

9 49 Z)"
7

Y V.
)47" R

-8 -

CONFTDENTIAL

CONFIDENTIAL

: 5
¢ )

PRI S:nitized Copy Approved for Release 2011/10/19 - CIA-RDP80-00809A000600390183-6




L

Sanitized Copy Approved for Release 2011/10/19 : IA-P8-0080A00060013-6
r 1

CONFIDENTIAL" -

CONFIDENTIAL 50X1-HUM

As seen from the data of Figure i, the mean coefficient of thermal con- -
ductivity of water vapor appears to be seve-al orders higher than the co=-
efficieﬁt of molecular tiermal conductivity of this gar. Even carbon dioxide,
noteworthy for its high absorption coefficient, possesses good radiative
thermal. conductivity for sufficiently high temperatures. .

It is interesting and important to notice that ﬂail the coefficient
of molecular energy transfer cunsists of ‘ohéa product of the mean velocity
W of energy carriers of molécules by the meen length iM of t'heir fren path
(the coefficient of nolecular trarsfer or diffusioni$ Dy u %64?“ ﬁz/hp)’
and the 'coefficiant ‘6f radiative energy transfer (D = -?5* °£ph n?/hr ))

[

RO s \

-

Cconsists of the product of the velocity of 1ight c by a factor-;l; , which

in this case plays' the role equivalent to the mean ’g—tﬂ\ri‘ree path of
photons ( '{}”{ = 1/k). Witbh such an interpretation of photon energy transfer,
justified only under condition of local radiative equilibrium —that is,

when total absorption equals radiation (keU, = KynI Y T\), /l‘(or a certain
)

absorption coefficient of the medium— one can evaluate the length of fres
) is

- path of the photon. For example, the absorption coefficient k)
respectively 2, 2.5, and 10 (in units of 10"2 i/m) for kands with wave-
lengths ) = 1.42, 1.89, end 2,7p of the absorption spectrum of water vapor
in sasturated air at t = 259 (concentration of water vapor is 73 g/m3).
With such absorption coefi‘iciénts of the medium the mean hni,ﬁ;-f free
path will be 50, 40 and 10 ni; that is, the transparency of the air for these

rays will be rather high, If the concentration of water vapor were in-

crease$ 100 fold, then even in this case the mean m free mw-path
n b o photorn

/\'would be respectively 0.5, 0.4, and 0.1 m.
Thus photon transfer in contrast to molecular energy transfer is char-
acterized by much deeper pérztration of the energy carriers. Only tor very

high concentrations of radistion-absorbing molecules (corresponding lo

-9 -
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liguids or solids), or 1or Lheix;‘ (‘+orresponding, structure, may ihe mean
() ' ¢

Jaemiwred free M pathg@ppear Lo be sufficiently small.

Tt shouldé be noted that the distribution of lengths of iree proton
path correspends to the equation '
ﬁ _ L

which has a maximum at ( i /,[ . 7/ . The curve describing the dis-
144 .

tribution of lengths of free photon path is shifted towards the shorter lengths

7

’Z/f s in comparisén with the curves describing.the energy distribution of

photons and molecules. Thus, for example, for f/’ﬁ—= 1/10 we have Nﬁ /N_ﬁ
/ r
9.23
Consequently a rather considerable number of photons out of their total

( =9%) and for  /f = 14100 ve hove N, /th - == (1),

punber possesses short free paths and therefore the probability of encounters
of active photons with molecules upon their activation will be quite noticeable,
only if the layer of the irradiated gas or its concentration is not too thine

In order to be convinced of the dominant role of rediative energy tirans-
fer through gaseous space, one needs merely to compare thermal conductivity
in a flat parallel layer of pas from one heated surface to the other by
molecuiar thermal conductivity and by radiation. Even supplementary con-
vective energy transfer wi’l not be avle, ia this case, to decrease the
main role of radistive energy transfer.

In this connection it 1is smpossitle to agree with Hinshelweed who 21
wis monograph Wwkinetics of Gaseoua Reactions" () argues against the rad-
instive theory of activation of molecules in reactions, stating: pxcept at
very high temperatures the amownt of radiation prusent in a unit volume of
gas at nermal pressure is very small in cumpariéon yith the kinetie and in-
ternal energy ol pgaseous molecules; therefore it seems probable that the
the activation originates rather by impact than by radiative absorption.®
Thereafter, however, Hinshelwod writes "lhe acceleration ol chemical re~
acllons under the effect of light ‘showé‘/\ba.: cally the asswaption that molo-
cules are activated by absorpiion of usual thermal radiation is not unlikely",

- 10 -
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The contradictions of Hinshelwood may' easily be due to the fact that
the activation of molecules is determined not by the volumetric enevgy
de_hsity, but by the flux of active energy carriers. The pover of radiative
flux a;(. not too-low temperatures appears to be higher than the molecular
energy flux in the gas. -

The considerations outlined by Hinshelwood are conneocted with criticism

of Perrin's assumption (1919) that monomolecular activation of molecules is

due to radiative effects on the molecule. In the case of weak concentrations
the molecules may be isolated from impacts, but according to this scheme the
reaction should proceed with the same relative speed.

dx = -Kx

.T M

s x is the concentration of tie reacting product:\h!( is the reaction
constant.

The role of radiation in activation of molecules may have its origin,
we may assume, in the absorption of light quanta at & frequency corresponding
to the activation energy. For instance, for the energy of activation of
monomolecular decompositicn of nitrogen pentaoxide (Nzo‘}) EA = 2l 700 keai/
kg.mol the active frequency of the infrared spectrum should correspond’ to
26,1013 sec-1 or A= 1;15 mirron(B). A test checking the irradiation
effect of vapors of nitrogen pentaoxide by this frequency in a chamber at
low pressure did not show an acceleration of the reaction behu\;ior. In
this connection Olasston (3) remarks: "It is necessary to conclude that
the radiation theory is insufficient to explain the acti vation of molecule s
in ho-moueneous reactions of first ordar.“‘

Buti an experimeﬁtal test of radiation effect in these cases could re-
main without results: rirst a sufficiently powerful rediational flux on
an elementary volume of the medium is necessary for the ectivation of

molecules by irradiation (see below); secondly because a corresponding

- 11 -
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radiation absorption coefficient of the medium is necessary. This co-
efficient varies inversely proportional to the concehtration and therafore
at weEElgEFticularly concentrations of the reacting molecules..of the sub~
stance the radiation effect may eesily escape experimentsl observation.
Without further critisism of the radiative theory of activation the
existence of a wide class of photochemical reactions should be first men-
tioned (3, h). Besides this, a number of other reactions exciied by rad-
iative energy of some frequency (5, 6) occurse Finally,it is known that
in burning reactions water vapor (HQO) and some other gases, for instance
nitrogen dioxide (N02), have the absorption band in the near infrared re-
(8, 9)

gion of the spectrun ) which considerably accderatesthe combustion

as soon as they are added to the mixture. In connection with the last eir-

cumstance it is proper to express some opinions.

In his book "The Chain Reaction" N. N. Semenov (8) writes: "A whole
series of specific admixtures effects the flash point and the velocity of
reaction of the explosike mixture (H2 + 0), the most astonishing being the
effect of N02". Tn the book "Combustion, Flame and Explosions in Gases"
Lewis and von Flbe (9) state: ", .. small traces of nitrogen dioxide re-
markably ;ffect the reaction of hydrogen with oxygen®. V. N. Kondrat'yev
remarks in his monograph "Spectral Study of Chemical Gas Reactions"(lo):

NIf some doubts exist on the possibility of flasning absolutely dry mixtures
of carbon dioxide by forced spark ignition and high pressures, the burning
of such mixtures uncer ordinary flame conditions should be considered en-
tirely impossible.”

0f course every researcher will explain this phenomenon along his line,
based on these or other representalions of the reactive mechanism, but the

experimentally detected facts of strong effect of admixtures on the reaction

process conld also be used as basis for the radiative theory of reaction

excitement.

.12 -
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v . Aecording to the order of magnitude of the activation eneryy of mole-

7.oulez in the burning reaction of gaseous air mixtures, the active photons

flghoﬁld cerrespond to the frequency near the infrared region of the spectrum.

Iﬁ Table 3 are complled the known wavéZlengths and frequency bands of absorp-
" ‘tion neer the infrared part of the water vapor spectrum (H20) and the values

_of pholon energy corresponding to these bands. The same table shows the

" known band A of intense absorption of solar radiation by atmospheric oxygen

K (02). This band is located on the boundary of the red and infrared spectrum

" pands (see Table 3 in the appendix).
As seen from data of this table, the energy of photcns absorbed by water
vapor in the near infrared of the radistion spectrum corresponds in order of

magnitude to the required values of activation energy necessary for txcitation

of the buming reaction in inflammable gaseous mixtures.
Table l; contains the mean values of kinetic energy of the shifted mole-

cules for various temperatures. The same table shows also the mumber of

molecules the input kinetic energy of which exceeds the conditionally accepted

activation energy & = 30 200 xcal/kg mol. ‘hese data show that at a gas

temperature 0° of the total number of molccuies 26.6 x 102h in 1 m3 only an

average of 17 molecules may posses an energy above 30 2000 keal/kg mol (see

Table k in the appendix).

The independent development of the burning reacticn under such conditicns

is practically out of question. At a temperature of 10000 the number of

‘moleculcs with an energy exceeding 30 200 kcal/kg mol will average about 15

molecules ver million. This number of active molecules appears to be more

than suificient to secure an independent burning react..on. In this_way the

initial artificial ereitation of molecules in the insufficiently heated in=-

flammable mixture may initiate a further spontaneous heating from started

burning reac tions. For the cvaluation of the sufticiency of the thermal.

stute of the inflammable wixture necessary {or the spontauneous sel{-develop= .
ment of the burring veaction, the kuowledpe of the flash point may be helpltul.

- 13 -
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3. HEATTNG OF THE IMFLAMAABLE MIXTULME BEFOIE ITS GENEHAL INFLAMMATION

By a cemparatively simple computation of heat transfér from the burning ‘
zene into the zone of inflowing inflammable gaseous mixture cne may show ;
thet in tue process of heating the mixture up to its flash point heat trans~
fer plays a rather insignificant role in comparison with the heat emitted
by ercited reactions. For this purpose let us consider the following sim=-

' plified scieme of the process of flame propagation (Figure 5).
The zone of combustion products consists of a flat parsllel layer of
‘ 1imited width and unlimited surface, homogeneously heated to a temperature
of tph . The fresh burning mixture flows to the combust,ion front from un-
1inited space with a uniform velocity wo,*%m3/m2hr. The mixture contains
nore or less vater vapor and therefore is ray-absorptive. Because tne mole-
cenlar heal transfer from the combustion front towards the inflowing mixture
pla_vs‘ such a small role in comparison with the radiative transfer, the author
vesames that basically the mixture is heated on account of absorption of
! Crudiative energy amitted by the combustion tront. In the case of a one-
dimensional diagram or Ilow the equation tor the determination of the flame

velscity of whe burning mixture msy be written in the form

Woorbs we VioCpty = Qrpy ®)

The pradiative hest travsfor may be computed Tfrom the equality

dray = e,‘i:/;,f‘(% - ofjf )

wHEre f,"! £ 15 the conditional opacity cocificient at radiative exchange
P :
b.lueen the zones ol buming products «nd the heasted burning mixture,
9 ) //Z/")" G - .S .TL ’ : l ' - .fli ial
L/?/, o ‘_9( 73‘;-/ and v, = W9 /750 are the superfic

: densitivs of radiation of a perfect black body at temperatures T//‘ and Ti"

ENO‘I‘E:; The letter "n" possibly stands for "nagretyy" which means "heated";
vhus ap3/mPehr would mean & unit of velocity for some heated gas./
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For the determinaiion of the {lame veloclty we have the exprqssiod
Efﬁ 'ﬂ)~ » .
J Qi_z_g.______ : .
“, = TrTeE A o ®
The radiative heat transfer of combus tion products behind the burning
front to the surrounding medium lowers the temperature from its theoretical

value tg to §Ph (d stands for degres). Hence we have the equality

ay ey by = A4S ,J,u"gly %) (10)
where 8,h is the conditional opacity coufficient at radiative exchange
between the zone of combustion products and the cooling medium and fa 4h7z/”~
is the superficial density of radiation of a perfect black body at temperature
T,

From equaticns (9) and (10) we obtain by eliminating w, an equation for

the determination of the temperature of the combustion front

Gle T O lh fﬂ‘d(:‘y _“““7’/ (1)
% —af T )
if ﬂb & 4/9,/, and rz9j. << and ef,;"‘o Qﬁ';}e
have
Oijpl: o, b (o,% TRl t, ) (12)

Under these conditions the temperature of the combustion front will
be the higher, the higher the theoretical temperature of combustion i, the
Jower the flash point tf ard the higher the initial temperature tl. According
to equation (9) the propagation veleeity of the flame will be the higher, the
higher the temperature of the combustion front.

Computationé of flame velocitybaccnrding to squation (9) for inflammable
mivtures of CO and H2 with air at stoichiometric composition for tho mixture
ut t, = 0 and for various widths of{layers of combustion products give the

1

regulis shown in Table 5.
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Table ® contains wlse cypoerimentslly-tfound nwximum values of the normal
flame veloclity at veow temperoture ano ab pressure p = 1 atm (11).

Comparing the computed value of the flame velocity of inflammable mixtures -
bof CO and H, with air with the experimentally-found value, the author finds
that for liwited widths of flame layers the experimental value W, 8ppears to
lbe much higher, The usual simplifications of computation: of the flame velocity

f

increascd thermal conductivity cannot explain the lower

according to the schemq;
value obtained. The heating of the inflammable mixture by the walls of the
tube during the expirimental determination of flame velocity consists in a
wocondary heat transfer by radistion because the walls receive the radiant
heat from the comtustion preducts. Missing 1s the heat transfer by turbu-
lent thermal conductivity in a ldminar flow, conditions under which the flame
velocity 1s usually measured. k
Thus it may be .assumed that the only cause for the accelerated heating

of the inflammable mixture to the temperature of its flash point 1s the heat

emitted by the reactions excited by the inflow of inflammable mixture.

)i« DETERMINATION OF 'THE VELOCITY OF FLAMR PHOPAGATION BY PHOTON ACTIVATION

OF MOLECULES

Assuming that the inflammable mixture is basically heated before in-
flamration mainly because of reactions excited durlng absorption of photons
relessed by the combustion trent, under conditions of the above discussed

scheme, one can determine Lhe velcecity of flame propagution.

The equation of energy balance in an elementary portion of displacement
of the inflammable mixture in front of the combustion front for the above-

mentioned simplifying assumptions may be written in ‘the form
-V, cP(.l’l‘ = q,dx (13)

where ¢, is the heat capacily of the heaied mixture at constiant pressure in
r
kcal/nmjdeg und a, is the heut endtted In keal/wdhr per uwoit volume,from

excited reactions of the irradiated inflammable mixture,
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The value qa, may be considered proportional to the intensity of ir-

. ~L5/RT,
radiation absorbed per unit volume ( /kIfM o &), to the factor e Ak
(Zs '
and to ‘the thermal effect Q of the reaction. Hence we have
- ~-& k1 V.. .
9 = CQe ‘f“'rr,a dew _ (1)

5
where C is & velue depending on the concentration and the compousition of
the inflammable mixture and k is the coefficient of absorption of active
photons (i/m). |

If we assume.that the active photons emitted by ths combustion front
enter the considered element of volume only from the side of the comﬁustion,
front and with a uniform intensity along the whole half spatial angle 2n (see
Figure §) the absorption of active photons will be determined by the factor
2nka.

If the intensity nf the radiation emitted from the side of the oombustion

front is Io’ then at any point distant x from the combustion front we have

For these conditions the equation {13) may be written in the forﬁ

- x -£
w,0,dT m CQZITEL 0™ 0 % RTax (1)

v

Ceparating the variables, we Lave
-, of;eﬁ;/‘?-"» d7 2 CQ2ITKI e - Max (151)
% Because the temperature of the flash point of most inflammatory mixtures
is much lower than the theoretical combustion temperature, during the heating
time of the inflammable mixture to the temperature of flash point Tr the
value C in eguation (15'), depending on concentration, may in first approxi-

mation ‘e ccnsidered as invariable. Moreover, considering W © ard k as

constants, -+ rind by integration of (15!} that
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: — [‘9 /T

e 4

£ /RT.) = (& /R?;)

3.3/

(L /RT)

+ (A/RT) =

2.2

= (42 r~/ { ) — ﬁ‘—kL)

.

If 1, and T_ differ considerably, then in the left side of equation (16) a

riumber of terms of the infinite series may be neglected; keeping only the

two first terms without effecting the accuracy of the equation, we may write:

. Z"eé;/f?r,,)____ [Qzﬁ!:[/_ff/'é

L/RT. '
4, c;,/Z'f 2 (161)
Hence for the velocity of flame propagation we pet the equation
—42
(‘J K'ZF Q-/t; [/_ € ) (17)

44 /RT, £ :
6/3[7/-8‘/,\’——-;.6»/&1}
According tc the expression obtained the velocity of flame propagation
should increase:

1) with intensity I, of irradiation of the infl-ummable

mixture; 2) with initial temperature Tl of the mixture; 3) with decrease

of {lash point Tej i) with decrease of the activation énergy EA; 5) with

the decrease of the heast capacity cp of the heated mixture; 6) with apsorp-

ﬁion coefficient k and longth of radiation .path, This characteristic effect
oi the factors outlined above on the velocity of flame propapation agrees
with the available experimental material.

Tf the absorption coefficient k of the inflammable mixture is close to
zcro, then the velocity of flame propagstion will tend to.zero tooj such a

mivture therefore 1s difficult to ignite by radiation, The incombustibility

an
of a perfectly dry mixture of carbon dioxide with air may serve nsAexample.
The irrvadiation intensity Io of an inllammable mixture emanating from

Lne combustion front depends on the compesition of combustion products formed
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AandVAn their temperature. The effect of temperéture on irradiation inten- ) ; .
lgity;is rather strong, and in this connection the velooit& of flame propagétion
‘also éill mostly depend on temﬁereture.
» Uﬁdér conditions of thermodynamic equilibrium the radiation intensity
‘ is determined by the expression

Iyp = 0493 & 10742 -jgﬁgl---- Kcal/h? hr. steradian (18)
VT 2 /RT /

Figure 6 shows the behavior of the cirves I v T = r(T))wAich proves
-thnt with decrease of temperature the intensity of equilibrium radiation
drops very rapidly. Forﬁéisequilibrium state the radiational flux emsnating
from the combustion from may differ considerably from the value obtained
from equation (18) (see below) and in such cases luminiscence may appear more
or less pronounced within the flame,

The theuretical combustion temperature of gas and air mixture depends
on the cancentration of the inflawmable gas in the mixture. Table 6 and
Figure 7 present, versus concentration, the theoretical combustion tempera-
tures, computed without taking the dissociation into account, for zas and
air mixtures of CO, H2 and CHh' The theoretical combustion temperatures,
corresponding to the stoichiometric mixture composition, &re noted in Table 6
separately. For such a mixture the highest theoretical combustion tempera-
ture is obteined.

If the luminiscence of the combustion produéts does not play a decisive
role in the excitation of the combustion reaction and the velocity of flame
propagation is mestly determined by thermal radiation, we may aésume that
the velocity of flame pfopugation will follow the varying behavior of theo-
retical conbustion temperature, Figure 7 shows for comparison the curves
deucszing velocities of flame propagution in gas aud air inflammable mix-

tures of CQ?‘Hg and Cﬂh according to experimental.data: (12)
.3 is seen, the hehavior of curves describing velocities cf flame

propspation corresponds in the first approximation to the variable bebavior ;

of the theoretical combustion temperature,,
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5. PADILTIVE PRCULIARITIES OF COMBUSTION PI‘;()CESSﬁS

In combustion processes, a noticeable deviation from local radiative
equilibrium (I; * /,—.é I.‘{"r- &L) msy occur because of kinetic peculiarities
of yroceeding processes, and in such cases the radiative output will difier
trom the thermodynamic radiative equilibrium,

Tn the general case the energy balance (if we neglsct the non-essential
terms) will be determined by the following equation

: §:¢djakv f/'dy =,j’r‘dw jok, 1-,‘,. Ay —[z. + 654'1’/)7'1;':1 7-) -

(19)

_ Doy .
‘—‘%1/1» A 755 F ) +,4§’__;]

where a3’ i g the productivity of sources of heat output per vait volume

giv ( A-grad T) is heat influx by molecular energy transter P-(-‘-’p-;_‘"::'\ is
. d

total variation of heat content per unit volume in time, Ay-diss F(w) is the
heat ihi'lu.x from dissipation of energy of displaced masses m(p is the
viscosity coefficient, diss F{w) is the dissipative function, A is the’

thermal equivalent of work), & D i3 the compiete change of pressﬁre per
az

unit volume, v

The intensity I'., of theiradiation may vary.depending on the productivity
¢f sources of thermal efflux oﬁtflow, of molecular energy transfer and ﬁxe
total variation of heat content and pressure in the volume and also on the
absorpfion coefficient k. .

For the whole spectrum, the average intensity of radiative emission

from unit volume is found from the equation

P [t ey - DT
/—’ = /7- "';,—;-77 /}; + a-’n’/d?iﬁn’ T/ pv2e + o)

i cliiss Flw) +A G

where k is the mean sbsorption coefficient.
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With increase of combustion velocity the productivity of thermel sources ]
increases and for other conditions equal the intensity of radiative emission .
should decrease, This conclusion agrees ﬁell with measured data of radiation
in flames, processed by V. E. Garner, (3) who found that with increase of
velocity of flame propagation the intensity of its radiation decreases.

V. E. Garner supposed here that a part of the radiation consists in lum-
inescence. v '

Table 7 presents the results of Garner's meashrements 18 on the effect.
of water vapor on the intensity of radiation and the'vélocity of flame
propagation;

As may be seen from the data of the table, an admixture of water vapor
in the amount of 2% produces a 10-fold increase of the combustion velocity
of the inflammable mixture and lowers the emission of radiation nearly h-fold.
Because ﬁéré the absorption coefficient of the inflammable mixture is prop-

'ortional to the concentration of water vapor, the four-fold decrease of rad-
iative emission for a 10-fold inerzase of combustion velocity cannot he con~
sidered as contradictory to the above stated radiative theory of excitation
of combustion reaction, The combustion_velocity is proportional to the
product of radiative intensity and the absorption céeffieient of the in-
flammabie mixture, which for presence of water vapor hes a much steeper
rise than the drop of radiative intensity.

It should be noticed that the decrease of intensity of total radiation, ;

_a considerable part of which has a thermal origin, does not mean a decrease ]
of photon radiation which excite the reactions, With decrease of total
radiation, the “active" radiation may even lncrease,

The- emission of radiation during combustion reactions is detemsined by
tha liberation of energy in elementary acts, and an essential part of this
process may be radiation of energy of relatively high quanta. For instance,
the luminescence of CO flame as typical blue glow is well known (10). The

(111).

lusdiniscence of snolids in flame is &lso known
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" Resides this lind of instability nesr the combustion front at the.side
of an intlowing inflammable mixture, an instebility between the “molecular®
and Y"radiatlive® teuperatures exists, 7The instubility in 1':he region of an -
inflewing inflammable mixture will be higher the higher the irradiation of
an elementary volume.at the side of the combustion front. In order to
illustrate the various types oi’ irradiation of an elementary volume at the
gide of the incandescent zone, Figure 8 represents several possible cases
af distribution ot radiation intensity of an elenentary volume.

he ca-e "a" corresponds to an even irradiation of an eleﬁxentm'y volume
ol tue inflammable mixture from the side of the combustion front with infinite
surface.

he cases "b" and Me" correspond to the irradiation of an elrmentary
volume of the inflammable mixture from the combustion front with a limited

- surface, when the intensity of irradiation is distributed proposrtionally to
cos V and coszsy .

The case "d" corresponds to the ir;‘adiat;ion of the inilammable mixture
in a rathcr small channel,

The casc "eM corresponds to the irradiation of the inflammable mixture
if the combustion front has a convex shape.

The cases “{" correspond to the irradiation of an elementary volume or
vhe inflammable mixture which entered immediately into the chamber with in-
candescent walls and was irrsdiated from all sides,

A11 these cases of irrad_ia.tion of the inflammable mixture in an ele-
mentary volume correspond more or less lo real conditions of the combustion
process,

The highest “radiative® tempesrature j.ngp(elemantary volume wili cor=
respond 1o the case MW, and the lowest to the case Ye", Because of the
groat penetrating power of photons in_comperiaon to molecules, the gradient

ol “radiative® temperature for cases a;{proaching Na® and """ will appear to
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be considerably lesa than the gradimt of “molecular“ temperatuze. Under B
' such conditions the number of active photons, penetratingL the emelope of
an elementary volume will appear to "be many times greater than the number
" of active molecules conveyed to the elementary volume toward the inflowing

inflammable mixture. |

The decrease of t;he velocity of flame propagation with decrease of
\rradiation of the inflannable mixbure finds confirmation in the femilier
experimental fact thet velocity of flame propagation decreases with decrease
of pipe diameter. In pipes of very small diameter the combustion ol the in-
fiammable mixture is extinguished.

! If the combustion front is separated from the inflammsble mixture flowing
in by a sufficiently dense screen, ther the flame propagation toward the
inflowing mixture, as is known, ceases, even if the inflammable mixture has
a low flash point, The stopping of flame propagation by means of acreens
has been long applied to prevent explosions of inflammable mixtures.

A role similar to the screen may be performed by incombustible dust,
present as an admixture in the inflammable gascous mixture, As shown by
the experiments of A. S. Predvoditelev and 8. I, Gribkova (15) the presence
of incombustible dust of silica gel (dimensions of dust particles 12 to
2 microns) in the inflammable mixture of CO with air leads to a decrease
of the velocity of flame propagatién. The indicated velocity drops with
increase of dust condensation and alse cecreases the more the smaller the

. gimensions of the dust particles. The decrease of the velocity of flame
propagation in theae.experiments together with increase of heat capacity and
iowerihg of combustion temperature may be ascribed to the screening ?fi‘ect

" of incombustible dust particles, ‘

Tn the experiments of the same authors the accelerating ei‘fect of ad-
mixtures of combustible dust of activated charcoal was also detected (the

dimensions .of particles 6 to 10 microns). The finer the combustible dust
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: and the stronger is concentration in the mxture of co and air the higher

was the velocity of flame propagation. This accelerating effect of admix~ '
tures of combustible dust corresponds somewhat to the photon activation of
the inflammabla mixture of dust and air before its inflammation.

The strongest irradiation of the inflowing inflammable mixture in an
elemgntg;yAvolume will be reached under conditions approaching case “{",
This;caée éorresponds to the so-celled flameless gas combustion,

.If He'place in the zone of the combustion front a ceramic noz2le, it
ﬁili; aftér getting heat by ‘convection from the inc#ndeécent combustion
products, Qmit the heat thus inoreasing the irradiation of the fresh in-
{1ammable ﬁixture floﬁing in, This method of intensification of combustion
is nidely applied in industry e, 17)

If under the conditions of the combustion process the material of the

‘mozzle is able to emit in the chemically active spectral band a non—tempera;

ture (nonthermal) radiation of intensiiy higher than the radiation of the
ﬁerfect black body at the same temperature; then the fleme velocity of the
inflammable mixture may still be increased. In this respect refractory
“‘materials having a so-called cando-luminiscence are of interest (18).
Some of these materials, locited in a flame,.as, e,g. oxides of Mgo, Ca0,
‘Zro2 and other have tpe property, depending on temperature, to emlt red-
. iation in a certain spectral band lO-fpld and even 100-fold stronger than
. the radiation of a perfect black body 2t the same temperature, This kind
Eo.t‘ radiation occurs only if the substance is within the flame, while this
kind of gléw occurs in the zone of association of oxygen and hydrogen and
~in lesser degree wita hydrocarbéna.
The emission of non-thermal radiation under these or other conditlons

'agreg with equation (i9), which is one of the most important equatiorf for

combustion processes,
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T "_Thé‘ investigalion of non~-temperature radiation in the chemically aciive -
B spectralAband.wil_l fucilitate the explanation of the role of the positive
. cﬁtalys ts in tle combustion process. It is necessary to develop experimental

" work -along this line.

CONCLUSTIONS

1. Comparison of the distribution of radiative and kinetic energies
: a.uo'nlg carriérs in an elementary volume showed that photons at high energy
levels 'ngve relatively heavier statistical weight than gas molecules at the
' same energy.
| 2. . It was shown that under corresponding conditions the probability of
phobop activation of inflammable mixtures may be conside:ably higher than
the probability of activation for the case where molecules collide. The most
importarlmt role in this case pertains to radiative absorption of admixtures
of t;he inflammable mixtures.
. 3. It was determined by computation that in the heating process of
"in.f‘lammable mixtures before the flash poini the main role is played by thermal
:erqiésion from reactions excited in inflowing inflammable mixtures b_y photon
' ,'ac':tiw}ation.
\ !{. An equation for the depennirlzltiorl of the velocity of flame propagation
" for the case of photon activation of melecules is obtai;led, which, according
t-l: 40 'the efferts of individual factors, agrees completely with ex‘,:erimentai
. ! date, '
_Z 5. Using the equatidn of energy balance as a basis, the author succeeded
s in showing the peculiarities of the combustiem process under various con- o
diﬁions_. He'noted the role of the noyiequilibriel radiation bei‘&re the i‘le;sh,
imint of ini'l,gfluﬁéble mixtures az well as in the combustion process.
" The suthor thanks Aca)demicim; M. V. Kirpiclzevand -Pro!'essp!:chI;.'.i.Bdhkov

;’giuth&i:rnﬂslun@jﬁﬁégiﬁ; the experimental work,
A = Lamamen ALK SN !
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Table 1
‘ e e |
. T =273 | 773 1273 1773 2273°K

. 6 p
,N;:/NF;. c 6,519 |10020° | 13,7-20 | 3.63:20° | 1.35-20

- Table 2

t=0: .§oo 1000 1500 2000°C
By 5o/ " 557 | 1947 | 119 856 | 67
‘ nE; /nE1 =18y | 32,3 15.1 $427 | 6438
B SE, / a > = 1335 179 70 386 25,1

Table 3
- 0
Y Indexes | H20 Abind .
I
. _ |
) . 2.75 0076 o
Wave_length A) P 0.72 {o.9hl p.128 | 1,367 {1 843 ' ‘
. : ;‘
Frequency of radiation, !
| . 5 . . ’\‘l
. '0.10"13 ;./sec E 41.6 [31.7 (265 219 |16.2 [10.9 |39 N . J;:
 Energy of prxoton; ’ . '
B,y ® DoV- 103 erg 27,6 121 17,5 | W5 | 10,7 |7.22 j26.1 i
*Energy of photop g'p/u electi@n- “ v \ :!3
e N 0,67 |0 .63 | v
volt - 172 (L3 1f°95 04908 { 0,67 |0.i51 |1.63 ;
" " L. : i""
. Quantum energy'of mol, . - 1‘
S ' 600l 30 200{25 250 | 20 950 15 L5020 kog 37 600 | ¥
By = N, kogfkgmel - | ¥ , :
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\  Table L
\ :
| 00 | 2000
Temperature, °C 0 500 |1000 |15
Mean energy of shifting ' .
of molecule Br10™ ere. 0.565 | H.6 | 2.635 | 3.67 | b7
Mean energy of shifting ' |
of molecule EM, kcal/kg mol. 813 | 2300 3790 | 5280 | 6770
Amount of Molecules with
entrgy :M > 30 200 keali/kg mol: |
(~1n nM)' { 5547 19,7 | 111.9 8,58 | 647

Table S

jﬂsgs ) W/’ﬂl'e

-28 -
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mpermentmi,'found i
Inflammable mixtire .tf td ) h = zpz;ducts 5 ® propagation velgcigy :
‘ P o~ 1 Wo & q*wo of flame wo,*nm /m :
E‘/h, "nm3/m2 sec ,Ph., nm3/m2 sec sec i
0.415 :
Co + air { of =1) 650{2370{19300,02 10,03 0,2 1043 i
~ '6
H. o + air (¢ =1) 550 |221,01850 10,008 0.0124 0.3 0.66_{_ 2,67
[ Note : as a/’éﬂél/ mentivned 1n A QrevioHs /40-//10-/.9, oy
i . . ) Ayp/yc/"f 7&" Z/.Cé’.._f?.
: 3/ma. sec 15 ossibly a s - . :
gl “r sfa{/dg /47‘ “nagretyy " ppoaneng “beated.
[
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Table 6
e o 60w S e e e
Concentration CO, % 20 25 29,6 35 LO LS5 S0 55 60 65 10
Theoretical combustion
' temperature, tg, C 1580 2050 2370 2215 2065 1910 1750 1605 1440 1275 1110
Mixture of H > and air

Concentration of Hy, % 10 15 20 25 29,6 35 Lo ks 50 55 60 65 70

; Theoretical combustion

o
temperature, tg 3

c 805 1160 1550 1910 2240 2080 1940 1800 1650 1505 135b 1190 1030

Mixture cf CHl and air
!

Concentration of CH , ¥ 6 7 8. 9.5 1 12 13

i
i 4
1
! Theoretical combustion temperature, -
| %, ¢ © 1395 1550 1770 2040 1970 1920 1875
Table 7
% H20 Intensity of radiation in | Velocity of flame n/sec
0.00 6,00 1,00
0.23 2.7¢ 7.80
ol 2.39 | - 9.00
295, | L 383 LI 2
- 29 -
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Relative Number of Paz;ticles
F} By == Nnif r[0.
\ :
' in units of 10'”

"Energy of Particles

4in units of
13 1000 keal/mole
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-
l ..
W conymmm
E &, A - o
C80q (coefficient of 1.0yp (coefticlient of ot
.|\ gboorption at blacknoss of en . PIGURE 3
72 >:‘ 1 atn preﬂauxe) ) 0.8 L 1ﬂ‘1nite1y QMCk 1&?81‘)
. X N ——
IR S - 0.6¢ ST 20
C ool TIeuRm 2 T
56 Y o.hF o
] o /.—‘—"“-~~\~~~2
By o\ 0.2} T —
“0 \\ S : 2 ben Lo erah cmee e
. ' o\ C0p CTETTE 6 T e 12 1k 16 18X200°0
| : 32 ' \\. (temperature of the gas in units of 100°0)
e \ 0 ~
R .";'Q \H\z
- '(' 5 | C - +‘.\‘~'m
“.wosoto - 8 12 16 20X 100° ¢
, { temperature of gas in units
: - ot 1oo°c) :
I ) (kcal. m-hr-de
Lo 30T I 1.
.I b hooo . wvater vepqgy
; ci e NEQ L
doEe gbe o [r90e
S YA Lgoo -
A 700 » e .
, " “JIGURB 4
500 ¢ o
a0
e
_ e r A Aco ‘
_ | / ‘p=1 atn 2
O 2000 1500 2600
- RO tamp-raturo of the (gas, og
1\.’ k
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FIGURD 6
1 a
! (intensity
. R of rediation) -
w, { A= 1,89. (B, =15000 keal/ofl)
T A= L.k2u(B, =20000 kcal/gol)
aramrom £ '
” zzo.9lm/4(n,,=3ozoo koal/mol
ﬁ . .
Reglon of | Cooling
Initial Heatl Mediun
of the Buming |__ 1
Mixture . | Beglon of
‘ - , L — Coxmbustion
N 3 Produot
HIR A it
el o
AN
'z"_; le-’\&l’ ! N
0 l = Z
X—r i ; -
500 1000 1400 1800 °C
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Speed. of l‘lami Propogation

P50  cm/sec |
<00 £CO
1500 150_
h
N\
- |
1000 ! \ 00
! ‘ '
{ |
/ |Ka
/ \
/ \
/ ‘\
! \
500 'I‘ co ‘\ 5
CHy / et N
N PR RS N \
ll R4 S \\
/ Y
I' ‘\ R \\
Z A
0

20 o 60

8o

%
(content of burming g8 in a mizture with air)

-1 1) -Iocon

x_o_y
TR Y 4,
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